ABSTRACT In this paper, we propose a novel DNA-based molecular communication (MC) protocol towards high capacity communication between nanomachines for the first time in the literature. In the proposed protocol, the transmitter is capable of emitting DNA strands having different lengths as information carrying molecules. The Receiver contains receptor nanopores through which these negatively charged DNA strands pass, and duration of translocation event is utilized for selective sensing. We develop an analytical model for the proposed protocol to model diffusion, capturing, detection, and reception processes. In MC literature, the processing times at the receiver is mostly neglected, but our protocol is the first MC protocol which considers the effect of processing times that are dependent on the DNA lengths. In addition, the number of detected DNA strands show a significant dependence on diffusion constant, which changes according to DNA length. Therefore, we introduced a novel technique to minimize the effects of inter-symbol interference by adjusting the threshold level of each DNA strand according to its diffusion dynamics and detection rates. Furthermore, the proposed analytical model is exploited to derive information and communication theory metrics, i.e., capacity and bit error rate, for different communication metrics, such as DNA lengths, the number of symbols, molecule thresholds, and communication range by using realistic system parameters that are taken from experimental studies in the literature. In the end, the presented results show that the proposed DNA-based MC protocol is able to achieve capacity levels close to 6 b/s. 
I. INTRODUCTION
Molecular communication (MC) is a bio-inspired communication technique for transmitting and receiving information by means of molecules, in the same way the biological entities communicate between each other, i.e., ion channels between cells up to a few micrometers, hormonal communications up to several meters and pheromones up to several kilometers [1] , [2] . Since the fundamentals of MC has been created by the nature itself through 3.5 billion years of evolution, MC is inherently biocompatible and energy-efficient. For these reasons, MC is the most promising method of communication for nanonetworks, i.e., set of nanomachines performing various tasks such as sensing, actuating and computing, towards the concept of Internet of Nano Things (IoNT) [1] , [3] . Therefore, various aspects of MC has been studied in the literature such as MC in synaptic channel [4] , multi-user MC [5] , but the capacity of MC is quite limited due to the slow nature of communication via diffusion as analyzed in [6] and [7] . In order to tackle this issue, the number of bits, i.e. the number of molecule types that can be selectively distinguished, is required to be increased to achieve higher data rates. Towards this purpose, we propose a DNA-based MC protocol, where the information is encoded with DNA strands having different properties.
In the nature, DNA is carrying information one generation to another. In a similar manner, we can exploit the properties of DNA for bit-wise MC to carry information from one place to another. Recent advancements in DNA sequencing and synthesis techniques have enabled DNA-encoded MC [8] , [9] . For information transmission, communication symbols can be realized with DNA strands having different properties, i.e., length [10] , dumbbell hairpins [8] , [11] , and short sequence motifs/labels [9] . For information detection, solid-state [9] and DNA-origami [12] based nanopores can be utilized to distinguish information symbols, i.e., the properties of DNA strands by examining the current characteristics while DNA strands pass through the nanopores. The utilization of nanopores for DNA symbol detection also enables the miniaturization of MC capable devices towards the realization of IoNT. According to [8] , 3-bit barcode coded DNA strands with dumbbell hairpins can be detected through nanopores with 94% accuracy. The time of this process depends on the voltage, concentration and length of the DNA symbols, and the translocation of symbols can take up to a few ms up to hundred ms time frames [8] , [11] . Considering the slow diffusion channel in MC, transmission/detection of DNA-encoded symbols do not introduce a bottleneck and multiple detections can be performed during each symbol transmission. Therefore, the utilization of DNA strands is promising for high capacity communication between nanomachines as the number of symbols can be increased by exploiting multiple properties of DNA: length, dumbbell hairpins, and short sequence motifs/labels.
In MC, several modulation schemes have been proposed to encode information into concentration, type or composition of molecules: concentration shift-keying (CSK), molecule shift-keying (MoSK), isomer shift-keying (ISK), Nucleotide Shift-Keying (NSK) [13] . CSK is akin to amplitude shift keying (ASK) such that the information is embedded to the concentration of the information molecule. At the simplest case, i.e., on-off keying or 1-bit ASK, the molecular receiver (Rx) decodes high logic when the concentration of the information molecule exceeds a certain threshold and low logic otherwise. Although it is possible to increase the number of symbols by increasing the number of available concentration levels, interference prone nature of the communication via diffusion significantly limits the number of bits. That's why, most studies consider the simplest version of CSK, on-off keying. In MoSK, the information is encoded by using multiple molecules, and the utilization of k molecules provide 2 k symbols for achieving higher capacity. MoSK requires more complex Rx that can distinguish k molecules for successful communication, and the modulation of individual molecules are based on on-off keying as in CSK case. MoSK can achieve higher capacity, but the main limiting factor for this modulation type is the number of molecules that can be selectively received.
Furthermore, Kim and Chae [14] proposed the utilization of isomer, i.e., the molecules having the same atoms in a different orientation, under different modulation schemes CSK, MoSK and molecule ratio-keying, where the information is encoded into ratio of received molecule types. In nucleotide shift-keying (NSK), information is encoded into the base sequences of deoxyribonucleic acids (DNAs), i.e., Nucleotide Shift-Keying (NSK). The proposed MC-TxRx designs are capable of transceiving DNA molecules. Using DNA, with its huge information storage capacity and robustness against environmental conditions, will enable high-rate and reliable MC. However, the DNA reading/writing speed and cost at the moment limits the utilization of NSK in a practical system. However, the utilization of DNA as information carrying molecule paves the way for high capacity links between nanomachienes by enabling higher number of molecules that can be selectively received at the Rx.
In this work, we propose a novel DNA-based MC protocol towards high capacity communication between nanomachines for the first time in the literature. In the proposed protocol, transmitter (Tx) is capable of emitting DNA strands of k different lengths as information carrying molecules. As presented in Fig. 1 , Rx contains receptor nanopores through which these negatively charged DNA strands pass thanks to the applied potential, and as they do, they obstruct ionic currents that normally flow through. The duration of the current obstruction is proportional to the length of the DNA strand that passes through, which is utilized for selective sensing. We develop an analytical model for the proposed protocol to model diffusion, capturing, detection and reception processes. During the detection process, the nanopore is blocked for a certain time, which depends on the size of the DNA strand, and no other molecule can be captured during this processing time. In the molecular communication literature, the processing times at the Rx is mostly neglected, but our protocol is the first molecular communication protocol which considers the effect of processing times that are dependent on the DNA lengths. Due to the processing time, there are finite number of possible sequences that can be received during a sampling period. In our proposed analytical model, we calculate the probability of detecting all possible detection sequences. In addition to the processing times, diffusion constants of DNA strands also significantly depend on their length. Therefore, the expected numbers of detecting different DNA strands show significant variations according to their diffusion constants. Hence, decision thresholds for different DNA strands are required to be adjusted accordingly, and we calculate the optimal threshold values to minimize the effect of inter-symbol interference (ISI). Furthermore, the proposed analytical model is exploited to derive ICT metrics, i.e., capacity, for different communication metrics such as DNA lengths, the number of symbols, molecule thresholds and communication range by using realistic system parameters that are taken from experimental studies in the literature. At the end, the presented results show that the proposed DNAbased MC protocol is able to achieve capacity levels close to 6bps.
The remainder of the manuscript is organized as follows. Section II introduces the analytical model for diffusion, capturing, detection and reception processes of the proposed DNA-based molecular communication protocol. In Section III the main parameters for the DNA-based MC protocol are explained. Section IV includes the simulation results for the proposed protocol. Lastly, the conclusions and future work of our research are discussed in Section V.
II. ANALYTICAL MODEL A. MODEL SETUP AND COMMUNICATIONS PROTOCOL
We assume that, Tx and Rx are d distance apart from each other situated inside a fluidic 3-dimensional medium, and that, Tx transmits an r-bit symbol s T ∈ S r , where S r is the space of r-bit words with size |S r | = 2 r , by controlling the release of r types of DNA strands of different lengths l i measured in kilo base pairs (kbp), 1 ≤ i ≤ r. Tx releases N i many of the i th type DNA strands, if and only if s T (i), the i th bit of the symbol s T , is logic one. Tx transmits these symbols regularly with an inter-transmission period of length T , more precisely, Tx transmits s
We further assume that, Rx is synchronized with Tx, that is, to detect s k Rx samples its environment during the sampling period [kT , (k + 1)T ), where it receives the r-bit symbol s
Rx is assumed to have a densely packed array of M nanopores, or detection sites, where at each site DNA strands are captured successively and for each type the number of strands captured during a sampling period is recorded. Here, the process of detection of a single strand includes the capturing of the strand, which is characterized by the capturing rate constant K i in units mol −1 s −1 , as well as, the process of determination of its type after capture, which is derived from the time τ i the captured strand takes to go through the nanopore and is related proportionally to its length by the translocation speed v, i.e., v = l i /τ i for all 1 ≤ i ≤ r. After summing up all the detections for each type from its M detection sites during the given sampling period, Rx decides that the i th bit of the transmitted word is received as high logic if and only if the total number of i t h type detections, n i , is not less than a prefixed threshold number n th i , i.e., n i ≥ n th i . n th i is an optimisation parameter, which, if selected high, decreases ISI in expense of decreasing reception probability.
B. DIFFUSION, CAPTURING, DETECTION AND RECEPTION PROCESSES
In the following analysis we assume that, a site, that is processing a captured strand to determine its type, can not capture another strand until the determination process is over. In the derivation of the following analytical model, we will also assume that, the dimensions of the nanopore array at Rx are negligibly small compared to d, the movements of individual DNA strands are mutually independent, and that the effects of DNA strand capturing at Rx on strand concentrations near Rx is negligible.
Upon a transmission of a symbol s T from Tx at time t = 0, the released DNA strands diffuse across the encompassing fluidic medium to reach Rx. Thanks to the assumptions given above, and also assuming that the medium is devoid of other sources of DNA strands, the expected concentration, c i (t), of i th type of strand near Rx at a given time t > 0 can be approximated by the solution of the diffusion equation
where D i is the diffusion coefficient of i th type of strand. On Rx, for a single detection site S, we define the function
S(t) = 0, if S is free at time t, i, if S is occupied by i th type of strand at time t.
Now, the capturing rate of i th type of DNA strand is given by
In absence of other types of strands, i.e., c j = 0 for all j = i, f C,i (t), the probability distribution function (PDF) for the capturing process of i th type of strand, provided that S(s) = 0, is given by the exponential distribution with time-varying rate
where χ I (t) is the characteristic function of the interval I , i.e., it is one when t belongs to I and zero otherwise. Thus, the VOLUME 6, 2018
probability that the first capture of an i th type of strand falls into the time interval (s, t) is given by
It follows that, the probability of having no capture of i th type in (s, t), provided that S(s) = 0, can be found as
Now, when multiple types of strands are present, by the assumption that the motions of individual DNA strands are mutually independent from each other, given that S(s) = 0, the probability of S not capturing any strand during (s, t) can be written as the product of non-capturing probabilities of each type, i.e.,
It follows that, the PDF describing the capturing process by S in presence of all types strands, provided that S(s) = 0, reads as
which can be identified as the PDFs corresponding to the event that the first captured strand will be of i th type. Next, since the detection process at S is combination of capturing and type determination processes, where the latter is just a delay by τ i with certainty, given S(s) = 0, the PDF describing the event of first detecting i th type of strand is given by
Hence, the PDF for detecting the first DNA strand of any type can be found as the sum of the PDFs for first detection events of each type, that is,
.
Thus, the probability of first detection by S not happening in a given time interval (s, t), provided that S(s) = 0, is given by
In what follows, it will be important to calculate the PDFs and probabilities given by (2) and (3), respectively, for all (s, t) ⊂ (0, T ), which, at first glance, hints that the calculation time for these parameters will scale with T 2 . The following structural identities, however, which formulate these parameters in terms of PDFs and probabilities given S(0) = 0, allow us calculate them in linear time. For the PDFs in (2) it is easy to see that, we have for each 1 ≤ i ≤ r
which simply says that, given S is initially free, having a first detection of i th type after s + τ i corresponds to having no capture until s and having i th type detection given S(s) = 0. For probabilities given in (3), one can derive the relation
that is, given S is initially free, probability of capturing nothing until s and having a first detection in (s, t) given S(s) = 0 corresponds to the sum of probabilities of first detecting i th type in (s + τ i , t). Now, S may detect more than one DNA strand during a sampling period, and because for each strand type the capturing rates λ i (t) are time-dependent and possibly distinct, detection probability of multiple types of strands by S during the sampling period depends on the order of the detected types, e.g., the event of detecting i th type first and j th type second has, in general, different probability of happening compared to the detection event in reverse order. Hence, a description of detection behaviour of S during a sampling period requires the consideration of all possible detection sequences D T during a sampling period of length T . Thanks to the fact that the detection process for i th type of strand involves τ i delay, D T contains finitely many finite detection sequences of the form x = (d 1 , · · · , d n ), where d j , 1 ≤ j ≤ n, stands for the type of j th detected strand, i.e., 1 ≤ d j ≤ r, and it can be characterized as
In what follows, for any x ∈ D T , we will give an iterative description for, P
, finding the probability that S will exactly detect the sequence x during the time interval (0, T ) given S(0) = 0. The iteration is done on |x|, the length of the sequence x. In particular, when |x| = 0, i.e., x is the empty sequence, the desired probability is given by (3). For |x| ≥ 1, one can find this probability as
is the PDF for detecting the sequence x first in (0, t), and is given by
dτ, (7) wherex ∈ D T is the sequence obtained from x by removing its last entry x(|x|).
The iteration relation (7) describes the detection of x first as a sum of all possible concatenations of detectingx first, and then, detecting x(|x|) first. Note that, by our definition of detection, a detection by S at τ implies that S is free at τ , i.e., S(τ ) = 0. On the other hand, the relation (6) characterizes the probability of detecting exactly x in (0, T ) as the sum of all possible ways of detecting x first, and then, detecting nothing. Finally, utilizing the auxiliary relations (4) and (5) in (7) and (6), respectively, one obtains the more coding friendly relations. Now, we are interested in the probability distribution of how many of each type of strand Rx will detect during the sampling period (0, T ), for which we define the probability mass function (PMF) for number of detections of i th type by a single site S given S(0) = 0 as
where n i (x) is the number of i th type detections in x. For each 1 ≤ i ≤ r this PMF has finite support, indeed, it is zero for all n ≥ T τ i
. However, it is not analytically trivial to verify that these PMFs have unit total mass, that is,
This equality, which is attained by the code developed following the analysis presented here, has served as a verification of our probabilistic derivations.
The PMF for the total number of detections of i th type by Rx during the sampling period given that all sites on Rx are free at t = 0, P D tot ,i (n)
, can be derived from the PMF for a single site by means of convolution under the assumption that, the detection processes of all sites on Rx are mutually independent, which reduces to the assumption that the effect of capturing process on DNA strand concentrations near Rx is negligible. More precisely, if there are M sites on Rx, then
where for a discrete function f defined on Z f * M denotes the convolution of f with itself M times.
Finally, by our protocol, in order to receive a high logic in i th bit, Rx needs to detect i th type of strand at least n th i many times, the probability of which is found as
which we will denote as just P R,i for sake of ease of notation in the next discussion. In fact, we further change the notation to P R,i s T to emphasize the fact that the reception probabilities given by (9) depend on the symbol transmitted by Tx.
C. ICT ANALYSIS
Next, we turn our attention to the ICT performance metrics of the communication link between Tx and Rx, namely, the bit error rate (BER) and capacity. In calculating BER and capacity we will assume that the input has maximum entropy, that is, Tx transmits any of the possible 2 r symbols with the same probability, i.e., with probability 2 −r . To find BER, let us denote by P R Err ,i s T the probability that Rx will receive the i th bit of the transmitted symbol s T erroneously, which is given as
Then, BER corresponding to i th type of strand can be found as
Next, the capacity per transmission between Tx and Rx is given by the mutual information between the two nodes
and the capacity between Tx and Rx can be found as
In (11), H (Rx) is the entropy at Rx under the assumption that
Tx has maximum entropy, and H (Rx|Tx) is the average over all possible s T of the entropies at Rx for fixed s T from Tx and is a measure of noise in the transmission. The entropy at Rx is given by
where P s R is the probability that Rx will receive the signal s R during a transmission, and is given as the average over all possible s T of the conditional probability that s R is received provided that s T is transmitted
In turn, these conditional probabilities can be calculated according to the formula
where P s R ,i s T is the probability that the i th bit received coincides with that of s R given s T is transmitted, and satisfies
Finally, H (Rx|Tx) can be calculated by the formula
The derivations so far do not take into account the effects of FD and ISI. In what follows we incorporate these into the model. For false detection (FD), we introduce the r × r FD matrix, A FD , where its entry at i th row and j th column, (A FD ) ij , corresponds to the probability of i th type detection given the captured strand was really of j th type. We also define the r-vector first detection PDF,
, with its i th entry
given by (2) . Then, FD can be incorporated into our model by defining the modified first detection PDFs accounting for FD as the entries of the modified vector
S(s)=0
, and use these PDFs in calculations instead. In incorporating ISI into our model, we only consider interactions between two consecutive transmissions. In the derivations so far we had the assumption that, the initial DNA-strand concentrations are zero, which is not valid in the case of existence of a prior signal. We resolve this by considering, instead of the concentration in (1), the modified concentrations given by 
for all possible previously transmitted symbols s T p ∈ S r . Then, the average reception probabilities for each bit can be found as
We note that this simple approach of modelling ISI does not take into account for the effect of initial blocking of capturing sites at the beginning of a given sampling period caused by strands captured towards the end of the previous period. However, even though the detection of these strands would fall into the given period, according to our communication protocol we assume that, Rx does not take these into account, and hence, the initial partial occupancy is the only effect neglected by this ISI model.
III. SIMULATION ENVIRONMENT
This section introduces the parameters that are required for the capacity and BER calculations.
A. DIFFUSION CONSTANT AND CAPTURING RATE
Diffusion constant of DNA molecule depends on the size of the molecule, and the diffusion constant scales with the number of base pairs (bps) as [15] and [16] 
where D 0 is 5.9 × 10 −10 m 2 /s, and N is the number of bps.
The capturing event at the nanopores depends on the pore size, applied voltage, salt concentration of the medium, DNA concentration and DNA size. At low voltage values, the dependence on the DNA size becomes negligible [10] , [17] . Since high voltage difference values (> 300mV) results in sub-ms translocation times due to the increased electrical forces, we assume that the DNA Rx will work under low voltage regime around 120mV, and capturing rate is independent of the DNA size. In the literature, wide range of translocation times from 51.26M −1 ms −1 [17] up to 1×10 6 M −1 ms −1 [10] has been reported for different conditions. The low capturing rates are measured in 2 • with sub-5nm nanopores, whereas the high values are reported for 15nm nanopores at 20 • by using high voltage differences. For DNA-based molecular communication, extremely high capturing rates are not desirable as the concentration near Rx changes considerably and the effects of ISI would be amplified. By altering the pore size, salt concentration and voltage difference capturing rates between 51.26M −1 ms −1 and 1 × 10 6 M −1 ms −1 can be achieved. Hence, we utilize K i = 5000M −1 ms −1 ∀i = 1, . . . , r.
B. TRANSLOCATION TIMES
The average translocation speed can be assumed constant for any DNA size having more than 12 base pairs [18] . However, the distribution of the translocation times is not constant due to the randomness in the folding/unfolding of DNA while passing through the nanopore as illustrated in Fig. 1 . In order to calculate the successful and FD of information molecules, we need the distribution of the translocation times. The translocation times of DNA strands show a complex distribution, which can be modeled as half gaussian and half falling exponential as suggested in [19] and [20] . Therefore, we assume that the translocation time show a Gaussian distribution up to τ and than decrease with a falling distribution function, and the distribution can be expressed as
where σ is the standard deviation of the Gaussian distribution, ψ is the falling rate of the exponential part, B is a constant to make sure that the continuity of the pdf and is calculated as B = e τ p /ψ / √ 2π σ 2 , τ p is the peak translocation time which is associated with the highest value in the translocation time PDF. The integral of f τ (t) over all t needs to be 1, and this can be satisfied only if ψ = π σ 2 /2. The relationship between the peak time τ p and the width of the distribution τ w (e −0.5 of the peak of the distribution) can be utilizes to calculate σ . The width of the distribution can be calculated as τ w = σ +ψ/2 = τ p χ, where is the scale factor (τ w /τ p ). In this work, we use a scale factor of 0.55 in order to get the translocation widths demonstrated in [21] .
To calculate τ p , constant peak translocation speed is utilized as v p = 0.015nm/µs [18] . Therefore, the peak translocation times can be found with
where L 0 is the length of the DNA in bp (0.34nm/base) [18] . Figure 2 shows the distribution of translocation times for DNA strands with 1kbp, 3kbp and 5kbp. 
C. FALSE DETECTION (FD)
The overlapping regions in the translocation time PDFs as seen in Figure 2 result in FD The DNA Rx adapts the maximum likelihood estimation technique, in which the symbol estimation is based on maximizing the likelihood function. That is, the decision point at Rx is selected as the intersection of neighboring PDFs as illustrated in Figure 2 . Hence, FD probabilities when there are r number of distinct DNA strands, e.g. detecting i th DNA strand while j th strand captured, can be calculated as
where DP 0,...,j+1 are the decision thresholds and DP 0 = 10 ms and DP j+1 = ∞. in this work, we assumed that the detection of the DNA strands only depends on the translocation times, i.e. the blockage time of the current through the nanopore. The detection process can be further improved by considering event charge deficit, i.e., the multiplication of mean current and the translocation times. As shown in [10] , the event charge deficit has lower variance than the translocation times. However, in this work we assumed that the detection of the DNA strands only depends on the translocation times, i.e. the blockage time of the current through the nanopore, due to the unavailability of mean currents as a function of DNA strands.
IV. SIMULATION RESULTS
The simulations are performed in MATLAB. In the simulations, the nominal values of the communication parameters can be found in Table 1 , and these parameters are utilized in the simulations if otherwise not stated. 
A. NUMBER OF TRANSMITTED DNAS AND NANOPORES
The capacity of communication of proposed protocol is highly dependant on the number of transmitted DNAs from Tx and the number of nanopores situated on Rx. Figure 3 illustrates the dependence of capacity on the number of transmitted DNAs in the case of three symbols (1, 3, 5kbp) for various scenarios, namely, when both ISI and FD are ignored (plain), with ISI but no FD (ISI), and with both ISI and FD (ISI+FD). All these scenarios assume minimal detection threshold values (1, 1, 1) for reception, i.e., detection of a single molecule suffices for reception, except, for the case of both ISI and FD existing, we also present results for higher threshold values (ISI+FD w/th) obtained from an analytical guess described in next subsection. Results show that, one can achieve full rate, i.e., 12bps equivalent to three bits per transmission with T = 250ms, when ISI and FD are not accounted for. In case of ISI, as expected, capacity initially increases with increasing number of released DNAs, bot eventually decreases due to ISI. We observe that, with our guessed threshold values it is possible to nearly double the achievable rates, where the maximum is achieved at 10 4 transmitted molecules, which sets the basis for our choice of the nominal value in Table 1 .
The dependence of capacity on number of nanopores M on Rx is illustrated in Figure 4 for minimal and guessed threshold values. We observe that, with increasing M the capacity peaks shift to lower number of transmitted DNAs. This can be explained by increased sensitivity of Rx enabling reliable communication with low number of transmitter molecules, a regime where degrading effects of ISI is diminished. Also note that, with minimal thresholds capacity peaks saturates with increasing M to a limit (∼ 3bps), and M = 25 almost provides this rate, which constitutes the basis of the nominal choice for M in Table 1 . Finally, one can observe that, with guessed thresholds, it is possible to improve channel capacity, and the extent of improvement is positively correlated with M .
B. DETERMINATION OF RECEPTION THRESHOLDS
As mentioned before, in our proposed molecular communication protocol, Rx decides on the reception of a certain bit, if the corresponding type of DNA strand is captured more than a prefixed threshold number of times during a sampling period. This feature of our protocol allows us to partially alleviate the effects of ISI, from which diffusion based molecular communication is known to suffer particularly. The data rates that can be achieved are highly sensitive to these threshold numbers, and the proper choice of them is a highly nontrivial problem. Figure 5 shows, in the cases of two DNA strand types of lengths 1kbp and 3kbp both with and without FD, an exhaustive search of rates over the first 25 threshold values for both types. Expectedly, data rates decrease with the introduction of FD, where in both cases the maximum is achieved at thresholds (5, 8) (first coordinate belongs to 1kbp strands) with ∼ 6bps and ∼ 7bps. The comparatively higher value of optimum threshold for longer DNA strands arises from their increased contribution to ISI due to their slower diffusion rates.
Thus, an educated choice of threshold values is of critical importance. As a first approximation, we consider the average capturing rates contributing to detection λ of each type of strand in the absence of others
The average time for detection t D is the sum of average times of capture and processing, from which we define average detection rate of a single site as
Thus, the expected number of detections by Rx can roughly be approximated by
where M is the number detection sites on Rx. Similar calculations can be carried out with and without ISI mediated concentrations taken into account, and their difference N D can be thought of as the amount of contribution to detection by ISI. Thus, in case of no FD, we take our threshold values to be C N D for each type to diminish the effects of ISI on reception, where C is a positive constant to be chosen. To account for FD, we use the thresholds obtained by multiplying the FD matrix A FD with the vector − → N D containing the differences for each type and scaling obtained values by C. For both cases, numerical studies revealed that C = 3 yields improved rates. For instance, this guess threshold is (6, 9) , very close to the optimum value of (5, 8) , for the 2 symbol case depicted in Figure 5 . Throughout the rest, unless otherwise stated, we assume these threshold values.
C. SAMPLING PERIOD AND DISTANCE
Upon release of molecules by Tx, dictated by the diffusion process, the peak concentration times at Rx scale with the square of the distance d as t p = d 2 /6D. Thus, accordingly the sampling period T has to be adjusted with distance, and to justify the fact that we are neglecting the effects of ISI from signals prior to previous one, we consider sampling periods with T ≥ 3 t p corresponding to the largest t p , i.e., smallest diffusion coefficient D, which belongs to the longest DNA strand. Figure 6 depicts the dependence of communication capacities and BERs to sampling period for the case of three types of strands at distances 1µm and 3µm. Figure 7 shows the capacity of the channel for different number of DNA strands r, where r number of symbols are generated with linear and equal spacing between 1kbp and 5kbp. As noticed, increasing the number of DNA types improved the channel capacity up to a point, and the peak capacity is observed at three DNA types. After this point, spacing between symbols get closer other such that the effect of FD becomes a dominant factor. Hence, the capacity of the VOLUME 6, 2018 channel decreases as the number of DNA types becomes more than two. Figure 8 presents the capacity results for different DNA size increments N inc and number of DNA strands r, where the lowest DNA strand size is 1kbp. The highest capacity value of ≈ 5.7bps is reached for 2000bp increment with 2 distinct DNA molecules such that 1 and 3kbp DNA lengths are utilized in the MC channel. For lower increment values, the capacity values are decreased because low increment values have higher FD probabilities. In addition, increasing the number of DNA strands also causes a decrease in the capacity as additional DNA strands having higher number of bp suffer from lower diffusion constants, which increase the level of ISI in the channel compared to lower level increments. At the end, we can conclude that DNA-based MC protocol is able to achieve high capacity levels close to 5.7bps as shown in Figure 8 .
D. DNA SIZES

V. CONCLUSIONS AND FUTURE WORK
In this paper, we propose a novel DNA-based MC protocol for achieving high capacity communication between nanomachines up to 6bps at 1µm communication range. A powerful analytical model is introduced to analyze diffusion, capturing, detection and reception processes in DNA-based communication system, where Tx is capable of emitting DNA strands having different lengths as information carrying molecules, and Rx contains receptor nanopores to selectively detect DNA strands. The proposed model is capable of including processing times of the information molecules and adaptive threshold values are calculated based on the diffusion dynamics of different DNA lengths. In the proposed model, there are multiple parameters, e.g., the number of molecules released, the number of DNA lengths, the DNA length increments, the number of pores, and sampling period, that can be optimized according to desired communication range. The optimization of these parameters stands as an important open research problem in this field. In addition, the proposed analytical model is based on information carrying DNA molecules with different lengths, but these analysis can be easily extended to MC channels using DNA strands having dumbbell hairpins, and short sequence motifs/labels. In this way, the number of DNA strands can be further increased in order to further improve the capacity of DNA-based MC.
